Eukaryotic translation initiation factor 5 (eIF-5) catalyzes the hydrolysis of GTP bound to the 40S ribosomal initiation complex (40S AUG Met-tRNAf-eIF-2-GTP) with the subsequent joining of a 60S ribosomal subunit resulting in the formation of a functional 80S initiation complex. A rat cDNA that encodes eIF-5 has been isolated and expressed in Escherichia coli to yield a catalytically active eIF-5 protein. The 3.55-kb cDNA encodes a protein of 429 amino acids (calculated Mr 48,926) with properties that are similar to eIF-5 isolated from rabbit reticulocyte lysates. The deduced amino acid sequence of eIF-5 contains sequence motifs characteristic of proteins of the GTPase superfamily.
The mammalian translation initiation factor 5 (eIF-5), in conjunction with GTP and other initiation factors, plays an essential role in the initiation of protein synthesis (for reviews, see refs. [1] [2] [3] [4] . Following scanning of mRNA by the 40S ribosomal subunit and formation of the 40S initiation complex (40S-mRNA'Met-tRNAf eIF-2-GTP), eIF-5 interacts with the 40S initiation complex to promote quantitative hydrolysis of ribosome-bound GTP (5) (6) (7) (8) . Hydrolysis of GTP is essential for the release of eIF-2 and guanine nucleotide (as an eIF-2-GDP complex) from the 40S ribosomal subunit and the subsequentjoining ofthe 60S ribosomal subunit to the 40S complex to form a functional 80S initiation complex (80S mRNA Met-tRNAf) that is competent for peptidyl transfer (5) (6) (7) (8) .
The molecular weight of eIF-5 has been controversial.
Earlier reports from several laboratories suggested that eIF-5 purified from rabbit reticulocyte lysates is a protein of molecular mass ranging from 125 kDa (9) to 150-168 kDa (10) (11) (12) . In contrast, later reports from this laboratory on the purification and immunochemical characterization of eIF-5 showed it is a monomer that migrated on SDS gels as a protein of 58 kDa (13) (14) (15) . However, eIF-5 continues to be listed in recent review articles as a protein of 125 kDa (4) or 150 kDa (3) .
In this communication, we report the cloning, sequencing, and expression of a rat cDNA encoding functional eIF-5.* The results demonstrate that mammalian eIF-5 has a relative molecular mass of 48,926 that migrates on SDS gels as a protein of about 58 kDa.
MATERIALS AND METHODS
Materials. The preparation of 35S-labeled rabbit liver initiator Met-tRNAf, ribosomal subunits from Artemia salina eggs, purified eIF-2, and elF-5 from rabbit reticulocyte lysates has been described (8, 15) . Purified eIF-2 contained a-, 3-, and -subunits, whereas homogeneous eIF-5 is a monomeric protein of 58 kDa (15) .
Protein Sequence Analysis. Purified eIF-5 (1 nmol) was digested with 200 mg ofCNBr in 70%o formic acid as described by Charbonneau (16) and the resulting polypeptides were resolved by Tricine/SDS/PAGE as described by Schagger and von Jagow (17) . The separated peptides were electrophoretically transferred to a Problott membrane, stained with Coomassie blue, and then destained. The stained bands corresponding to different CNBr peptides were excised, and the three well-resolved bands were subjected to automated Edman degradation on an Applied Biosystems 477A protein sequencer to determine their amino acid sequence.
Immunochemical Techniques. The preparation of polyclonal antisera in rabbits against purified rabbit reticulocyte eIF-5 and affinity purification of anti-eIF-5 antibodies have been described (15) . Affinity-purified anti-eIF-5 antibodies were specific for denatured eIF-5 antigen (15) and were routinely used for immunochemical detection and for immunoscreening of the Agtll library. A goat anti-rabbit IgG coupled to alkaline phosphatase was used as the secondary antibody to detect the binding of the primary antibody to the immunoblots (15) . For the preparation of antibodies directed against native eIF-5, a laying hen was immunized with 30 pg of purified rabbit reticulocyte eIF-5 and given a booster injection of 15 ,g of eIF-5 as described by Gassmann et al. (18) . Polyclonal antibodies (IgY) were isolated from egg yolks of hens and purified by polyethylene glycol precipitation as described (18) . Immunoprecipitation of eIF-5 was carried out by incubating labeled eIF-5 with chicken egg yolk anti-eIF-5 antibodies followed by the addition ofrabbit anti-chicken IgY as the secondary antibodies. The antigen-antibody complex formed was then isolated by adding protein A-Sepharose.
cDNA Cloning and Sequencing. A rabbit liver cDNA library in phage Agtll (Clontech) was screened according to the method of Snyder et al. (19) using monospecific rabbit anti-eIF-5 antibodies (15) as probes. Putative positive plaques were isolated and rescreened at lower plaque densities until plaque purified. A single immunoreactive recombinant phage containing a 1.135-kb cDNA insert was obtained. A 565-bp Pvu II fragment of this cDNA insert was labeled with 32P by random-priming using [a-32P]dCTP (Boehringer Mannheim kit) and used as a hybridization probe to screen a size-fractionated rat insulinoma plasmid cDNA library (20) , as described by Sambrook et al. (21) . Positive clones were plaque-purified, and the BamHI inserts were subcloned into pGEM3Zf+ (Promega) for further analysis. A 3.55-kb DNA fragnent from the largest clone was subjected to nested deletions in both directions, using the exonuclease III/S1 nuclease method (Erase-a-base, Promega). Plasmid clones with overlapping deletions were sequenced by the dideoxy chain-termination method (22) 
AGACACCACCACCTCCACCACCAAATGAAATTAGTCCTCCACATGCTGTGGAAGJ
T P P P P P P N E I S P P H A V E E 593 ATGATGATTGGGGGGAGGATACAACTGAGGAAGCTCAAAGGCGCAGAATGGATG) using rabbit reticulocyte lysate (Promega) for 1 hr at 30°C in the presence of 20 pCi of [35S]methionine (1 Ci = 37 GBq).
Expression of elF-5 in Escherichia coli. Two primers were synthesized bearing the N-terminal and C-terminal ends of eIF-5-coding sequences that were flanked by Nde I and EcoRI sites:
These primers were used in PCRs using Pyrococcus DNA polymerase (Stratagene) to generate a product containing the coding sequence of eIF-5 flanked by Nde I and EcoRI sites. The PCR product was digested with Nde I and EcoRI and cloned into Nde I and EcoRI sites of PET-5a plasmid (24) (Novagen). E. coli BL21 (DE3) (Novagen) containing recombinant or the parental plasmid was grown in YT medium (21) containing ampicillin (50 ytg/ml) at 37°C. Cells were induced with 1 mM isopropyl 3-D-thiogalactopyranoside (IPTG) when A6 reached 0.6. After 3 hr, the cells were collected by centrifugation and suspended in one-fifth of the culture volume in a buffer containing 25 mM NaCl, 20 mM Tris HCl (pH 8.0), 5 mM EDTA, 10 mM 2-mercaptoethanol, and 0.5 mM phenylmethylsulfonyl fluoride. Cells were broken by freezing and thawing followed by sonication for 1 min on ice, and centrifuged at 15,000 x g for 10 min; the supernatant was frozen in small aliquots in dry ice/ethanol bath and stored at -70°C until used. (Fig. 2) . A 565-bp Pvu II fragment of the rabbit liver clone (Fig. 1B, fragment a) was then used to screen a rat insulinoma cDNA plasmid library (20) . Seven independent positive clones were isolated that also hybridized with 5' 32P end-labeled 25-mer oligonucleotide derived from the 5'-most end of the partial rabbit liver clone (Fig. 1B, fragment c) . Two clones containing the longest cDNA inserts (3.55 kb and 2.8 kb) were further analyzed. The 3.55-kb insert was sequenced completely on both strands (Fig.  1A) . The longest open reading frame (ORF) encodes a protein of 429 amino acids (Mr 48,926). This value is close to the apparent molecular weight of purified eIF-5 (Mr = 58,000) isolated from calfliver (13) and rabbit reticulocyte lysates (14) . Sequences encoding all three CNBr-derived eIF-5 peptides were found in this ORF. Furthermore, the ORF is preceded by several in-frame translation stop codons, indicating that this is an independent reading frame and not part of a larger polypeptide. Analysis of the 2.8-kb cDNA insert present in the other positive clone indicated that it had an identical 5' untranslated and coding sequence as the 3.55-kb insert but differed from the latter at the 3' untranslated region starting at nucleotide position + 2328 from which the poly(A) tail was (21) . Following prehybridization as described (21) , the blot was hybridized in the same solution containing 10% dextran sulfate at 42°C for 20 hr with a 515-bp Pvu II-Hpa I fragment of the rabbit liver clone (Fig. 1B, fragment b) , labeled with [a-32P]dCTP (6000 Ci/mmol) by random-priming. The blot was washed three times in 0.1 x SSC/0. 1% SDS (1 x SSC = 0.15 M NaCl/15 mM sodium citrate, pH 7.0) at 68°C for 1 hr and exposed to an x-ray film for 3 days in the presence of an intensifying screen at -70°C. Positions of the RNA size markers (BRL) are indicated in kb. Fig. 3) were adjusted to 0.5 M KCI and centrifuged in a TLA-100.2 fixed-angle rotor for 1 hr at 75,000 rpm, and the supernatant was mixed with 23 mg of 0.5 M KCl-wash proteins of rabbit reticulocyte polysomal pellets, obtained as described (14) . The total eIF-5 activity present in this mixture was partially purified by successive step-wise elution from DEAE (10-ml bed volume) and phosphocellulose (2-ml bed volume) columns as described (isolation of "partially purified eIF-2/eIF-5 preparation" (14) . The phosphocellulose eluate containing all the eIF-5 activity was then subjected to gradient elution (20 mM Tris HCl, pH 7.5/100 mM KCl to 20 mM Tris HCl, pH 7.5/500 mM KCI) from a 1-ml bed volume of a fast protein liquid chromatography-Mono Q column (Pharmacia). (All buffer solutions also contained 1 mM dithiothreitol, 0.2 mM EDTA, and 10%o glycerol.) Aliquots from each gradient fraction were assayed for 35S radioactivity and eIF-5 activity. The thin line represents absorbance at 280 nm. added (Fig. 1A, arrow) . It should be noted that the 3.55-kb cDNA contained multiple potential poly(A) sites (Fig. 1A) . These results therefore suggest that some of the eIF-5 transcripts-e.g., 2.8-kb RNA-observed in RNA blot analysis may arise by alternative polyadenylylation at the 3' end of eIF-5 mRNAs. It is also interesting to note that the 5' noncoding region of the 3.55-kb cDNA contains an excellent 3' splice site, TCCCTTCTTCTCCAG, preceding the predicted initiation ATG codon at + 1. Thus the possibility also exits that some of the shorter eIF-5 transcripts-e.g., 2.2-kb RNA-are derived by efficient splicing of eIF-5 mRNAs at this site. Many vertebrate cDNA sequences that have upstream ATG codons contain an unspliced 5' intron (26) .
RESULTS
The predicted amino acid sequence of eIF-5 is not closely related to any other known proteins in the GenBank and EMBL data bases. However, a portion of the antisense sequence of eIF-5 was found to be identical to a 1017-bp rat brain cDNA clone (27) of unknown function. This cDNA was isolated on the basis of its ability to hybridize with a 82-ntlong brain-specific RNA, termed "identifier sequence" (27) . The significance of this homology is not apparent.
In Vitro Translation of eIF-5 cDNA. To demonstrate that the cloned cDNA encodes eIF-5, the properties of the expressed proteins were tested (Fig. 3) . A polypeptide of apparent Mr = 58,000, which showed the same mobility as purified mammalian eIF-5, was generated by in vitro translation of cDNA-derived transcripts in a rabbit reticulocyte translation system (Fig. 3A, lane 2) . Furthermore, the 35S-labeled translation product was specifically immunoprecipitated with chicken anti-eIF-5 antibodies but not with chicken preimmune antibodies (Fig. 3A, compare lanes 3 and 4) . Additional evidence that the 58-kDa protein was eIF-5 came from the observation that when 35S-labeled translation products were mixed with a crude eIF-5 preparation from rabbit reticulocyte lysates and subjected to purification of eIF-5 activity through successive DEAE and phosphocellulose chromatographic Met-tRNAf was measured by centrifugation in a 5-25% sucrose gradient centrifugation as described (13, 14) . steps followed by gradient elution from a fast protein liquid chromatography-Mono Q column, the 35S radioactivity coeluted with eIF-S activity from the Mono Q column (Fig. 4) .
Expression of eIF-5 in E. coli. To demonstrate the function of the 58-kDa protein, the cDNA was placed under the control of the phage T7 RNA polymerase promoter. Transformation of the resulting construct into E. coli BL21 (DE3) resulted, after induction with IPTG, in the production of a polypeptide of 58 kDa that migrated with the same mobility as purified mammalian eIF-5 (Fig. 3B, panel a; compare lanes  1 and 3) . The 58-kDa polypeptide reacted strongly with anti-eIF-5 antibodies (Fig. 3B, panel b, lane 3) . In the absence of IPTG induction, only a low level of the 58-kDa polypeptide was synthesized (Fig. 3B, panels a and b, lanes 2) . The synthesis of this 58-kDa polypeptide was specific for eIF-5 cDNA sequences, since an E. coli strain containing a plasmid lacking the cDNA failed to produce any immunoreactive 58-kDa polypeptide (Fig. 3B, panels a and b, lanes 1) . Most significantly, the bacterially expressed recombinant eIF-5 was highly active in promoting the in vitro formation of an 80S initiation complex from a preformed 40S initiation complex (Fig. 5, compare d with a and b) . Bacterial from cells lacking eIF-5 cDNA did not catalyze the formation of an 80S initiation complex (Fig. Sc) . These results demonstrate that the isolated clone encodes a functional eIF-5 and that the relative molecular mass of mammalian eIF-5 is 48,926, which migrates on SDS gels with an apparent Mr of 58,000. Data presented in Fig. S also allowed us to calculate that the specific activity of recombinant eIF-5 in crude E. coli extracts was about 40,000 units/mg of protein. (One unit of eIF-5 was defined as the amount of protein that promoted the formation of 1 pmol of 80S initiation complex.) Based on a comparable AUG-directed 80S initiation complex formation assay, this value is considerably higher than that reported for rabbit reticulocyte eIF-5 in earlier studies (9) (10) (11) (12) Recently, the Saccharomyces cerevisiae gene that encodes eIF-5 has also been isolated and expressed in E. coli to yield a catalytically active eIF-5 protein (31) . This single copy gene contains an intron-free ORF that encodes a protein of calculated Mr 45,346. Comparison of the derived amino acid sequence of the yeast and the mammalian eIF-S proteins shows 60o homology and 39% identity.
Analysis ofthe derived amino acid sequence of mammalian eIF-5 indicated several interesting features. eIF-5 is an acidic protein of calculated pI 5.2. The amino acid sequence contains multiple potential phosphorylation sites for casein kinase II, protein kinase C, and cAMP-dependent protein kinase A. It remains to be seen whether eIF-5, like many other translation initiation factors, is phosphorylated in vivo and whether phosphorylation of eIF-5 is involved in regulation of its activity. eIF-5 is known to be phosphorylated in vitro by casein kinase II (15) .
Direct comparison of the eIF-5 amino acid sequence with those of the GTPase superfamily (30) revealed regions with sequence similarities (Table 1) . Members of the GTPase superfamily (30) include prokaryotic translation initiation factor IF-2, elongation factors EF-Tu, EF-G, and EF-la; the a-subunit of the G proteins, Ha-RAS, yeast CDC 42 and SEC 4 proteins, and a host of other GTPase proteins. These proteins have characteristic sequence motifs in four distinct domains, designated G-1-G-4, as shown in Table 1 . The motif for a phosphate binding loop, GXXGXGK(S/T), is present in eIF-5 as GKGNGIKT. Insertion of an extra amino acid into the consensus loop sequence suggests that eIF-5, by itself, is not functional as a GTPase. However, such sequence similarities between mammalian eIF-5 and proteins ofthe GTPase superfamily correlate well with the known GTP hydrolysis function of eIF-5 in the initiation of protein synthesis (5-8).
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